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1 INTRODUCTION  
This technical report is devoted to the description of the experimental activity performed at 
Insean and finalized to validate the numerical model for the study of the wave propagation   
In the first part, section 2, a detailed description of the experimental setup is reported. After 
that the section 3 concerns the preliminary analysis of the data. As requested by the project 
requirements of the WP4, in the next section a comparison between different wave elevation 
sensors is developed. Section 5 depicts the experimental results for all cases previewed in the text 
matrix. For better comprehension the plot visualization has been limited only to a suitable selection 
of all probes tested. The last one part, section 6, presents a technique for the reconstruction of a 3d 
wave pattern by means of the acquisition and elaboration of X band radar measures.    
2 DESCRIPTION OF THE EXPERIMENTAL SET-UP 
The experimental campaign has been performed at the basin n.2 of  the institute INSEAN – 
CNR. The main dimension of this facility are: 
Length L = 220 meters 
Width B = 9 meters 
Depth H = 3.5 meters 
On the basin a dynamometric carriage travels, whose velocity can be fixed in an interval from 
0 to 7 meters par second.  
The installation of an hydraulic wave maker with an oscillating paddle produced by 
Kempf&Remmers, with the centre of the rotation installed at a distance of 1.8 meters from the 
bottom, allows the generation of the desired wave trains.  
The wave maker is governed by an hybrid electric and mechanic system through a digital board 
Gage CGWin1100 mounted on a PC. A devoted software, developed in LabView environment 
inside our laboratories, permits to manage the generation of several wave systems: both regular and 
irregular waves. The control of the board, as the remote command of the wave maker, are executed 




Figure 2-1 Basin n.2 at INSEAN-CNR flashed during a rough sea test.  
The measurements of the hydrodynamic field have been performed by means of different 




The first ones, home made, have been collocated along the basin following the scheme represented 
in Figure 2-2. Each probe is fixed on a beam such a way to cover all the basin (the distance between 
two beams is around 10 meters). The beams can slide on the railway to allow a variation of the 
prescribed position.  




Figure 2-2 Map of probes system  
Figure 2-3 Lateral view of a single probe – beam system  
In the Figure 2-4 and Figure 2-5 are shown a sketch of the design (plot on the left) and the 




Figure 2-4 Sketch of the design for the sliding 
connection, the probes and the servo motor 
Figure 2-5 Real view  
Eight beams have been placed between the wave maker and the carriage and seven  between 
the carriage and the absorbing beach. The servomotor was used to move up and down the sensors in 
order to allow a daily calibration in loco. As actuators we use the Mclennan L92411 P2 whose 
functioning scheme is represented in Figure 2-6 and the main characteristics in Figure 2-7  
Figure 2-6 Sketch of the actuators mounted on the beam and adopted for the calibration of the wire probes 




Figure 2-7 Table with the main properties of the actuators used for the calibration of the wire probes (Mclennan 
L2411 P2)  




Channel Label Sensor Absolute distance from the 
wave maker (m) 
Wire probes acquisition system 
Ch:01 Probe n.2 (beam n.1) Wire Probe 17.225 
Ch:02 Probe n.7 (beam n.2) Wire Probe 26.567 
Ch:03 Probe n.9 (beam n.3) Wire Probe 37.310 
Ch:04 Probe n.12 (beam n.4) Wire Probe 46.908 
Ch:05 Probe n.13(beam n.5) Wire Probe 57.102 
Ch:06 Probe n.24 (beam n.6) Wire Probe 66.340 
Ch:07 Probe n.26 (beam n.7) Wire Probe 77.408 
Ch:08 Probe n.30 (beam n.8) Wire Probe 88.192 
Ch:09 Probe n.34 (lift carriage) Wire Probe 97.060 
Ch:10 Probe n.38 (lift carriage) Wire Probe 97.660 
Ch:11 Probe n.41 (lift carriage) Wire Probe 98.260 
Ch:12 Probe n.44 (lift carriage) Wire Probe 98.860 
Ch:13 Probe n.50 (lift carriage) Wire Probe 99.460 
Ch:14 Probe n.51 (lift carriage) Wire Probe 100.060 
Ch:15 Probe n.54 (lift carriage) Wire Probe 100.660 
Ch:16 Probe n.55(lift carriage) Wire Probe 101.260 
Ch:17 Probe n.61 (lift carriage) Wire Probe 101.860 
Ch:18 Probe n.63 (lift carriage) Wire Probe 102.460 
Ch:19 Probe n.68 (beam n.9) Wire Probe 107.962 
Ch:20 Probe n.70 (beam n.10) Wire Probe 117.535 
Ch:21 Probe n.80 (beam n.11) Wire Probe 127.781 
Ch:22 Probe n.82 (beam n.12) Wire Probe 137.912 
Ch:23 Probe n.86 (beam n.13) Wire Probe 148.005 
Ch:24 Probe n.93 (beam n.14) Wire Probe 168.396 
Ch:25 Probe n.97 (beam n.15) Wire Probe 179.168 
standard acquisition system   
CH: 3 US av Ultrasound Probe 94,42 
CH: 1 Kenek Av Finger  Probe 94,49 
CH: 2 Kenek centr Finger  Probe 100,00 
Table 2-1 List of the acquired channel with relative label, kind of probe and absolute distance from the paddle of 




Ten wire probes was mounted on the dynamometric carriage with a mutual distance of 0.60 
meters so to have a finer resolution for the measure of the wave propagation in this zone (i.e. the 
focusing point of the wave packets). The calibration for this array of probes was carried out through 
the lift system of the carriage. The Figure 2-8 summarizes the longitudinal distances of the probes. 
Another two kinds of device, an ultrasonic probe and two finger probes, were installed such a 
way to have a comparison between their performances. The Table 2-1 summarizes all the acquired 
channels reporting the corresponding probe, the nature of the device and its absolute distance from 
the wave maker in the second, third e fourth column respectively. 
The final result of this arrangement is shown in the Figure 2-9 which shows the sequence of 
beams mounted on the left of the basin (in background the carriage and the wave maker).  
Figure 2-9 Snapshot of the experimental setup.  
2.1 Acquisition systems  
Two different acquisition systems were adopted in this experimental campaign: both of them 
have been developed inside our electronic laboratory. More in details, concerning the recording of 
the time histories of the wave probes , an ad hoc system has been implemented, whose description 




probes, angle of the paddle, trigger signal and so on) the standard acquisition system, classified as 
Michelangelo, installed on the dynamometric carriage has been adopted. For this last one, the 
Figure 2-10 shows a tipical screen view of the graphic interface for the configuration of the 
channels where the name, the sensitivity and the unit of measure can be managed.  
Figure 2-10 Michelangelo acquisition system: graphic interface of the acquired channels  
All the procedures involved during the acquisition are displayed in the flow chart shown in 
Figure 2-11. In particular we can highlight the solution adopted for the right synchronization of both 
systems.  
Figure 2-11 Flow chart of the acquisition operations: from the calibration of the sensors up to the data 




Beginning from the calibration phase of the measure instruments (first block on the left in the 
chart), then Michelangelo system is started out, after that the command for the paddle of the wave 
maker is imposed. Quickly the trigger signal is switched on (corresponding time instant is recorded 
in a devoted channel on Michelangelo, this switch activates the acquisition of the wire probes array 
placed along the basin. Once a time the test is finished, all experimental data of both systems are 
stored in a suitable common device. 
In Figure 2-12 a global view of the experimental setup (beams, carriage, wave train…) during 
an acquisition in presence of rough sea.  
Figure 2-12 Snapshot of the experimental setup during a test in presence of irregular waves.  
2.2 Wave elevation probes  
As mentioned before, we have installed several kinds of probes for measurement of the wave 
propagation.  




The probe is composed by a metallic wire coated with an insulator material. In this way a 
cylindrical electric condenser is realized: the electric wire (conductor) and the insulator (dielectric) 
form the plates of the condenser. Changing the water level around the wire, varies the surface of the 
plate and then the capacitance of the condenser (see Figure 2-13).  
Figure 2-13 Wire probe: functioning.  
The linear behaviour is an important merit because it makes easy the preliminary calibration, the 
acquisition and the manipulation of the data during the analysis too.  
The main electric properties of this probe are mentioned in the Table 2-2.  
Input Voltage: 5V (da 4,5V a 18V)
Sensitivity  (con Ra=1,2K O Rb=12KO ): s/pF (da a )
Theoric resolution 8
Phisical resolution (equal to the 
meniscus) 
 ± 0.5 mm
Output Signal onda quadra a 5V duty cycle 50%
Frequency range for the oscillator da 150 KHz ad 1 MHz (1,8MHz a vuoto)
Acquisition rate 100 Hz




Figure 2-14 Wire probe: calibration equipment.  
Figure 2-15 Wire probes: scheme of the acquisition system.  
Before the mounting, each probe has been calibrated, the procedure is very simple: a suitable 
device has been designed with two reference position whose relative distance is known. While the 
two measurement are performed, the internal memory card acquires a sufficient number of samples 





It is possible also obtain the calibration factor directly during the test; obviously, this second 
solution requires the possibility to vary of a prescribed displacement the water level or the vertical 
position of the sensor. In this way the calibration factor can be verify daily and corrected eventually 
via software. This second procedure is advisable in case of long time experimental campaign. So for 
our interest we have designed the experimental setup taking in account this opportunity. 
The devoted acquisition system, shown in Figure 2-15, is constituted of a power supply and a PC. 
The connection between the array of probes and the PC is performed by means of a flat cable where 
the voltage tension and the output signal travels together. 
Each capacitance probe has one memory card to storage the acquisition data during the test. In this 
way, it is possible transfer all time history once time at the end of the trial. Figure 2-16 shows an 
example of the screenshot of the software to manage the acquisition system.  
Figure 2-16 Capacitance wire probe: Screenshot of the software for the management.  
2.2.2 Ultrasound wave probe  
A modulated signal is emitted as a wave toward the liquid, reflected at its surface and received 
by a sensor, which in many cases is the same, (e.g., the ultrasonic piezoelectric transducer). 
Figure 2-17(a) demonstrates the principle of operation. The measuring system evaluates the 
time-of-flight 




of the signal, being v the propagation velocity of the waves. One can generate an  non modulated 
pulse, a modulated burst as in Figure 2-17 (b), or special forms. 
Ultrasonic waves are longitudinal acoustic waves with frequencies above 20 kHz. Ultrasonic 
waves need a propagation medium, which for level measurements is the atmosphere above the water 
being measured. Sound propagates with a velocity of about 340 m s–1 in air; but this value is highly 
dependent on temperature and composition of the gas, and also on its pressure. In vacuum, ultrasonic 
waves cannot propagate. In practice, the reflection ratio is nearly 100% at the water’s surface. 
Piezoelectric transducers are utilized as emitter and detector for ultrasonic waves, a membrane 
coupling it to the atmosphere. The sensor is installed as in Figure 2-17 (b), the signal form is as in 
Figure 2-17 (b). Level gaging is, in principle, also possible with audible sound 16 Hz to 20 kHz or 
infrasonic waves less than 16 Hz. Another procedure is to propagate the waves within the liquid by a 
sensor mounted at the bottom of the tank. The velocity of sound in the liquid must be known, 
considering the dependence on temperature and type of liquid. This method is similar to an echo 
sounder on ships for measuring the water depth.  
Figure 2-17 Sketch of the ultrasound wave probe functioning.  
In the experimental setup described, ultrasound probes produced by KEYENCE have been 




Figure 2-18 Keyence ultrasound probe.  
More in detail, the Figure 2-19 shows the conditioning system and the power supply on the 
left panel, and an enlarged view of the sensor on the right panel, for the solution installed on our 
setup. 
The output signal of the device is in Volt and it is acquired directly by Michelangelo 
acquisition system.  
Figure 2-19 Ultrasound wave probe: particulars of the chain of measure. On the left panel the conditioning and 




2.2.3 Servo-type wave probe  
Two probes of this family, produced by KENEK, have been installed besides the ultrasound 
probe and a capacitance wire probe. 
The main unit (see Figure 2-20 for example, sourcewww.kenek.com) is made up of a 
servomotor, a water level detecting needle, a ground electrode and signal-handling circuits, as 
sketched in figure 3.1, on the right. The servo-motor tries to keep the resistance between needle and 
ground electrode, by continuously moving up and down, the needle. Thus, this follows free surface 
elevation and a potentiometer interlocked with the motor outputs wave elevation.  
Figure 2-20 On the left panel the Kenek probe at work during the experiment, on the right a sketch with the 
main dimensions.  
The block diagram of operation of the servo-type probe Kenek is represented in the image of Figure 




Figure 2-21 Servo-type probe: block diagram for the measurement process.  
Dimensioni 95(W)x136(H)x250(D) mm
Peso 2,5 kg
Massima altezza d’onda misurabile 300 mm
Errore di linearità % 2 , 0 ± F.S
Stabilità ± 0,1% / H / F.S.
Risoluzione ± 0,05% mm
Temperatura di lavoro 0 ÷ 40 °C
Dimensioni esterne della sonda 58(W)x550(H)x105(D) mm
Peso della sonda 1,5 kg




3 ANALYSIS OF DATA  
The validation of the numerical model is executed comparing the numerical simulations with 
experimental data acquired through tests carried out at the rectilinear basin n.2 of the INSEAN 
facilities. The code is tested for various types of sea:  
1. Regular waves of various frequency, amplitude and steepness 
2. Irregular waves assuming Pierson - Morkowitz like reference spectrum: sea 
states from 3 up to 5 have been considered. 
3. Wave packets  
The test matrix for regular waves is shown in Figure 3-1. The range of the wave lengths, 
reported in the first column, varies from 1.3 to 15.5 meters. The wave frequency goes from 0.3 up 
to 1.1. Finally, three different wave steepness have been defined: from 0.06ka , where a linear 
behaviour during the propagation is expected, to 0.2 where non linear phenomena are non more 
negligible. The last column reports the corresponding wave amplitude in centimetres. For the 
highest steepness, the longest wave length has been cancelled because beyond the physical limits of 
the basin (i.e. maximum wave amplitude).  
Figure 3-1 Test Matrix for regular waves.  
The test matrix for the irregular waves is shown in Figure 3-2 Here T0 represents the 
characteristic wave period and T1 the corresponding peak period. The first three columns concern 




Figure 3-2 Test Matrix for irregular waves: all parameters are calculated taking in account of a scale factor 
equal to 20.  
Finally for the wave packets we tested three different packets increasing linearly the energy 
level, from an arbitrary value up to 3A. Level A must be choice such a way to generate focusing 
waves with amplitudes compatible with limits of the instrumentation (Figure 3-3).  
Figure 3-3 Wave maker input signals of the wave packets  
Like described in the devoted paragraph to the experimental setup, the measured quantities 
have been acquired with two different acquisition system: the motion of the paddle of the wave 
maker so as the measures of wave elevations obtained with the servo-type and ultrasound probes 
through the standard acquisition system installed on the carriage (i.e. Michelangelo system); the 
data of the wave elevations measured with the capacitance probes through a specific acquisition 
system “ad hoc” implemented. 
The first task faced, therefore, during the analysis of the experimental data has been the 
synchronization of the output signal from the paddle with the outputs from the capacitance probes. 
This has been possible thanks to a suitable trigger command, recorded in the first acquisition 
system, by means of which the starting of the second one is governed. When the status changes its 
reference value (step function in the white curve in the Figure 3-4) the second acquisition system 




instants for both acquisition systems. This operation is fundamental and necessary to permit a 
remarkable comparison with the numerical simulations.  
Figure 3-4 Screenshot of the Michelangelo acquisition system: in white the status signal, in cyan the wave maker 
signal. 




Looking at the Figure 3-5 we can observe that in general the output signal are not 
synchronized. The trigger signal, green curve in the top panel, is activated at an arbitrary time 
instant, usually the operator switches on the button just about when the wave maker starts, and the 
time histories for one probe (red curve) and wave maker (blue curve) are not correctly scaled. The 
first step is the application of a low pass filter to eliminate the high frequency disturbances. Then 
the zeroing and the shifting are applied. The results are shown in the second and third panel for the 
probe and wave maker signals, respectively. The last panel, in the bottom, shows the final result: 
now the time history of the wave elevation, registered from the probe, is correctly shifted in time 
with respect to the acquisition of the motion of the paddle of the wave maker. 
More in details zooming the time histories: we observe in correspondence of the tough of the 
wave that the angle off the paddle is almost not sinusoidal. Similar behaviour is not confirmed in 
the time histories of the wave probes. Again, this discrepancy does not appear in correspondence of 
the peak. Furthermore, this behaviour is evident only in the second part of the time history.  
Figure 3-6: Electric disturbance in the channel of the wave maker. In red line the acquired time history of the 




From these considerations, we have deduced that the origin of the disturbance should be due 
to an electrical interference and it should not represent the effective angular motion of the paddle, 
moreover it could introduce errors during the validation of the numerical simulations. To avoid the 
problem we have thought to reconstruct the output signal of the paddle directly from the initial 
function generated by the software, the theoretical trend for the time history as defined by the 
parameters in the test matrix (see Figure 3-7). Then applying the transfer function of the wave 
maker the desired output is built. 
Summarizing we need follow these steps: 
1. Transformation of the time history for the motion of the wave maker in the 
frequency domain by means of a FFT (see Figure 3-8). 
2. Application of the transfer function of the wave maker (see Figure 3-9): 
banally multiplying the modules and adding algebraically the phases to the various 
frequencies. 
3. Then construction of the function in the time domain by means of an Inverse 
Fast Fourier Transform IFFT.  
Figure 3-7 Theoretic time history for the paddle of the wave maker: initial and final part generated by the 
software.  
The result is visualized in Figure 3-10 where the experimental measure influenced by the 
electrical disturbance and the reconstructed signal are compared. The agreement is very satisfying 




Figure 3-8 Fast Fourier Transform of the wave maker input signal: amplitude and phase to varying of the 
frequency from top to bottom panel, respectively.  
Figure 3-9 Transfer Function of the wave maker: amplitude and phase varying to the frequency from top to 




Figure 3-10 Reconstruction of the output signal of the wave maker: on the top panel the comparison between the 
experimental acquisition and the numerical reconstruction; on the bottom panel the enlarged view in 
correspondence of the though of the oscillation.  
3.1 Detailed description about the reconstruction of the output 
signal of the wave maker motion  
Some experimental data of the wave generator have affected by some problems such as 
discontinuity (see Figure 3-11). The data cannot be used as an input data to the numerical 
simulation because these problems cause serious numerical errors. Hence, it is required to 
reconstruct an intact data of the motion of the wave generator from the input signal, which is 
electronic signal and is sent to the wave generator from an instrument through DAC (Digital-




Figure 3-11 The experimental data of the motion of wave generator which has discontinuity.  
The time historical data of the angle of the wave generator (deg)x can be obtained by applying 
Transfer Function fT  to the input signal ( )s V
where ()F  denotes Fourier Transform. 
We assume the cubic function 3T  and the quadratic function 2T  for the transfer function of the 
amplitude [deg ]fT a V and the transfer function of the phase [deg]fT p in order to obtain fitted 




where f Hz  is the frequency and  
Figure 3-12 shows the transfer functions of the amplitude and the phase, respectively. The fitted 
curves give a good agreement with the discrete data.  
Figure 3-12 Transfer function of the wave generator: on the left panel the amplitude, on the right the phase.  
We can apply the Mixed Radix Fast Fourier Transform to the signal data 
_
0j f calib jc C s i
where i is the imaginary unit, and 
_f calibC is 1.551.48 which corresponds to the ratio of the 
different calibration factors between the current setting (=1.55) and the former setting (1.48) [1] of 
the wave maker. The discrete array of the coefficient k  should be described as,  




where T is the period of whole data, which is the product of the number of data and the 
sampling frequency (in this case 100 [Hz]), and  
Then we can obtain the transferred value ˆk ,  
Note that fT p  should be  




Figure 3-13 Comparison of experimental data and reconstructed data.  




The comparison between the experimental data and the reconstructed data in the case that the 
amplitude and the frequency of the wave are 63[mm] and 0.7[Hz] respectively are shown in Figure 
3-13. In Figure 3-14 time of reconstructed data is shifted in order to align the peak of waves. The 
reconstructed data shows good agreement with the experimental data.  
References  
[1] C. LUGNI Nonlinear investigation on the interaction of floating body and the free-surface 





4 BEHAVIOUR OF DIFFERENT WAVE PROBES 
In this paragraph we present a study about the behaviour of several kinds of wave probes. The 
study is based on the comparison between different probes varying the features of the incident 
wave. 
4.1 Low steepness  
The comparison has been faced positioning both probes at the same longitudinal position in 
the basin. The Figure 4-1 shows the comparison between the time histories acquired through an 
ultrasound probe, represented with blue circle symbols, and a servo-type probe, represented with a 
red solid line. In this case the wave length is equal to 6.3[m] and the wave steepness 0.06. We can 
remark that at low steepness the agreement is satisfactory. This result confirms the predictions: 
when the wave steepness is low both solutions are well suited to measure.  
Figure 4-1 Comparison between time acquisition of wave elevation obtained with an ultrasound probe (blue 
circle symbols) and a servo-type probe (red solid line): case at low steepness (kA=0.06) for a wave length equal to 
6.3 [m].  
Figure 4-2 Comparison between time acquisition of wave elevation obtained with an servo-type probe (blue circle 





Also the comparison between a servo-type probe and a capacitance wire probe, as shown in 
the Figure 4-2 in blue circle symbols and ed solid line respectively, highlights an excellent 
agreement. In conclusion at low steepness all kinds of probes are good solutions.  
4.2 Medium steepness  
Repeating the same comparisons at an increased steepness, in this case we have estabilished a 
value equal to 0.125, we can observe that the ultrasound probe, when the gradient of the surface is 
strongly pronounced, is not more able to follow the shape of the wave (i.e. lack of blue circle 
symbols in Figure 4-3). On the contrary both servo-type and capacitance wire probe shows a 
satisfactory performance (see Figure 4-4).  
Figure 4-3 Comparison between time acquisition of wave elevation obtained with an ultrasound probe (blue 
circle symbols) and a servo-type probe (red solid line): case at medium steepness (kA=0.125) for a wave length 
equal to 6.3 [m].  
Figure 4-4 Comparison between time acquisition of wave elevation obtained with an servo-type probe (blue circle 
symbols) and a capacitance wire probe (red solid line): case at medium steepness (kA=0.125) for a wave length 




4.3 High steepness  
In the high steepness condition, the performances of the ultrasound probe are completely 
degraded, the major part of the acquisition points are failed. The Figure 4-5 shows the case of a 
wave with kA = 0.2 and 3.15[ ]m . Enlarging the view in correspondence of the transient 
evolution (ramp of the wave maker), we can remark that only the smallest waves are well captured 
whereas the waves with high steepness not (Figure 4-6).  
Figure 4-5 Comparison between time acquisition of wave elevation obtained with an ultrasound probe (blue 
circle symbols) and a servo-type probe (red solid line): case at high steepness (kA=0.2) for a wave length equal to 
3.125 [m].   
Figure 4-6 Comparison between time acquisition of wave elevation obtained with an ultrasound probe (blue 
circle symbols) and a servo-type probe (red solid line): enlarged view for a case at high steepness (kA=0.2) for a 
wave length equal to 3.125 [m] .  
On the contrary, also at high steepness the comparison between the servo-type probe and the 
capacitance wire probe maintain a good agreement, some discrepancies can be observed during the 
transient phase (Figure 4-7). 





Figure 4-7 Comparison between time acquisition of wave elevation obtained with an servo-type probe (blue circle 
symbols) and a capacitance wire probe (red solid line): case at high steepness (kA=0.2) for a wave length equal to 




5 EXPERIMENTAL DATA 
In this section time histories acquired by several probes are collected. For each plot 5 different 
probes have been selected: above the single track the label of the probe is reported. The distances 
from the paddle of the wave generator are the following (from top to bottom of the figure):  
1. Probe s2: 17.2 m 
2. Probe s26 77.4 m 
3. Probes s50 99.5 m 
4. Probes s68 108 m 
5. Probes s97 179.2 m 
The probe s2 is the closest to the paddle, the s50 is collocated in proximity of the focusing point of 
the wave packet while the probe s97 is near the absorbing beach in order to monitor the effect of the 
reflections. 
5.1 Regular waves  
Figure 5-1 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-2 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =1.3[m] and kA=0.06 (repeated test). 
Figure 5-3 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-4 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =1.92[m] and kA=0.06 (repeated test). 
Figure 5-5 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-6 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =3.15[m] and kA=0.06 (repeated test). 
Figure 5-7 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-8 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =6.2[m] and kA=0.06 (repeated test). 
Figure 5-9 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-10 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =15.5[m] and kA=0.06 (repeated test). 
Figure 5-11 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-12 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =1.3[m] and kA=0.125 (repeated test). 
Figure 5-13 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-14 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =1.92[m] and kA=0.125 (repeated test). 
Figure 5-15 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-16 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =3.15[m] and kA=0.125 (repeatability test-2). 
Figure 5-17 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-18 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =3.15[m] and kA=0.125 (repeatability test-4). 
Figure 5-19 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-20 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =3.15[m] and kA=0.125 (repeatability test-6). 
Figure 5-21 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-22 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =3.15[m] and kA=0.125 (repeatability test-8). 
Figure 5-23 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-24 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =13[m] and kA=0.125. 
Figure 5-25 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-26 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =1.92[m] and kA=0.2. 
Figure 5-27 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




Figure 5-28 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 
waves with =3.15[m] and kA=0.2. 
Figure 5-29 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of regular 




5.2 Irregular waves 
Figure 5-30 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 
waves with sea state 3 (first part). 
Figure 5-31 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 




Figure 5-32 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 
waves with sea state 4 (first part). 
Figure 5-33 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 




Figure 5-34 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 
waves with sea state 4 (third part). 
Figure 5-35 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 




Figure 5-36 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 
waves with sea state 5 (second part). 
Figure 5-37 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of irregular 




5.3 Wave packets 
Figure 5-38 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 
packet, level A of energy and focusing point at 120m from the paddle. 
Figure 5-39 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 




Figure 5-40 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 
packet, level 3A of energy and focusing point at 120m from the paddle. 
Figure 5-41 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 




Figure 5-42 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 
packet, level A of energy and focusing point at 100m from the paddle (where the probe s50 is) – repeated test. 
Figure 5-43 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 




Figure 5-44 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 
packet, level 2A of energy and focusing point at 100m from the paddle (where the probe s50 is) – repeated test. 
Figure 5-45 Wave propagation: time histories acquired by 5 probes positioned along the basin: case of wave 




6 ALGORITHM FOR THE RECONSTRUCTION OF 3D 
WAVE FIELD  
In this section we will present an approach and related algorithm to reconstruct the 3D wave 
field of a sea state based on the availability of radar images of the free surface. This activity has 
been developed in cooperation with IREA institute of National Research Centre. In particular we 
are grateful for the support and relevant contribution offered by Dr. Francesco Serafino, Dr. 
Francesco Soldovieri and Dr. Virginia Zamparelli.  
The following subsections are extracted from “Studio Non lineare della propagazione ondosa 
su grandi scale spaziali e temporali. Monitoraggio dello stato del mare che investe una nave 
durante la navigazione mediante acquisizione ed elaborazione di misure radar in banda X”  Report 
1, Report 2, Report 3, IREA 21 September 2010, Naples  
6.1 Review of the state of the art  
The sea state monitoring starting from marine radar images is of timely interest due to the fact 
that X-band radar systems offer the opportunity to scan the sea surface with high temporal and 
spatial resolution [1-2-3-4-5-6].  
The sea state monitoring and the estimation of the parameters that define the state of the sea 
find several application in different areas such as: navigation, coastal security, off-shore platform 
security, oceanography etc. For this reason we expect that this technology will generate more and 
more interest in the future. 
The signal received by the radar as result of the backscattering from the sea surface is known 
and considered, in nautical language, as clutter, because it has been always considered an unwanted 
signal (noise) for the usual aim of the navigation control. This noise corrupts the useful signal and 
may affect the detection of the targets. For these reasons, in radar systems there is always a device, 




Conversely, if the scope is to estimate the parameters that characterize the sea state and 
achieve a spatial-temporal sea surface monitoring, the clutter represent the “useful signal”. 
The possibility to scan the sea surface arises because the backscattering from the sea is 
“visible” on the marine radar images (ranging up to some km from the observation platform) under 
some conditions [5]. The interaction of electromagnetic waves emitted by an antenna with the free 
surface of the sea, known as backscatter, is the most significant effect when we measure the sea-
wave field through the X-band nautical radar. This effect is caused by the interference of waves 
transmitted by the radar with the roughness of the sea surface. The above roughness is mainly due 
to capillary waves formed by local wind and other phenomena such as the presence of foam on the 
surface of the sea. Therefore, the measure of the waves by radar depends on the existence of wind in 
the area illuminated by the radar. In addition, the backscattering from the sea surface is mainly due 
to the interaction of electromagnetic waves emitted by the radar with the ocean waves having 
wavelengths similar to the ones of electromagnetic waves transmitted [5]. In particular, the 
electromagnetic radiation impingues on the sea surface that in its turn  acts as a diffraction grating; 
the electromagnetic reflected from the surface will undergo to a constructive interference when the 
wavelength of the ripples is comparable to half of the wavelength of the incident radiation emitted 
by the instrument (Figure 6-1). This phenomenon is known as the Bragg resonance (see Figure 6-1)) 
[7].  




Note that the final image of the radar depends not only from the pattern of scattered energy from 
waves capillaries, but is also  the result of modulation of that pattern of energy due to longer waves. 
In other words, the presence of radar introduces some modulation phenomena that distort the image 
of the sea surface, thus requiring a processing procedure to retrieve the wave evolution. 
More in detail, is possible to classify the following types of modulation (see Figure 6-2) [8], 
[9], [10]: 
Tilt Modulation: This phenomenon is due to the variation of the angle between the direction 
0 of the incident radiation and the slope (facets) of the wave. So the return of the radar is 
locally variable. 
Hydrodynamic Modulation: This effect is due to the interaction between the capillary waves 
and the longer waves. The ripples are more spatially concentrated in certain areas, i.e. on the 
longer waves front, producing a change in the scattering of electromagnetic energy. 
Orbital Modulation: This phenomenon is due to orbital motion of the particles of water 
during the time that the wave remains under the illumination of the radar. Thus, the waves  
facets move in phase and out of phase, alternately, under the direction of illumination of the 
radar. [11] 
Shadowing Modulation: This modulation occurs when the highest waves hide the lower 
waves to the impinging electromagnetic field. This phenomenon is due to the particular 
geometry of acquisition, known as Grazing Angle, for which the transmitted signal is almost 
parallel to the sea surface. This phenomenon is more evident when the height to which the 
radar is located above the surface is not sufficiently high. This phenomenon produces abrupt 
change of the signal amplitude, by introducing additional components in the spectral density 
for high values of the wave number k . [12-13] 
Range Dependence: This dependence is based on the equation of radar, where the power 




means that the radar image of the waves can not be regarded as a homogeneous stochastic 
process because the mean and variance change with the distance between the antenna of the 
radar and the target. 
Azimuth Dependence: The return of the radar is stronger in the direction of propagation of 
capillary waves, hence in the direction of the wind. 
Wind Speed Dependence: the coefficient of backscattering increases with local wind 
increases, providing radar images with greater intensity. So, for example, for the same type 
of sea the return will not be the same if the local wind conditions change.  




All these modulations affect the radar return, providing a received signal that does not 
represent the exact shape of the free sea surface, in particular, these phenomena cause a distortion of 
the sea spectrum and also introduce unwanted spectral contributions (high order modes) at higher 
frequencies. Moreover, many of these effects are nonlinear. Therefore, it seems difficult to 
approach the study of the radar images of the waves using a linear and homogeneous model. 
Anyway, as a first approximation is possible to study these images using the spectral linear and 
homogeneous theory and by neglecting some of the modulation described [5]. 
The most important modulation phenomena, that have been considered in this study, are the Tilt 
Modulation (TM) and the Shadowing (SH). 
Figure 6-3 Section of a sea spectrum of a simulated sea, in the ,xk  plane  
Figure 6-3 depicts a slice of the sea spectrum of a simulated sea, in the ,xk plane, whose 
parameters are given in Table 6-1 
In addition, Figure 6-4 depicts the same sea spectrum seen by the radar in which distorting effects, 
introduced by the modulation phenomena just described, are evident. 
As a result, the radar image is not a direct representation of the sea state and thus a 




where, starting from a time series of spatial radar images collected at different time-instants, one 
aims at determining the elevation tyx ,, of the sea surface meant as a function of two spatial 
variables (related to the area illuminated by the radar) and of the time. [3]  
A complete description of the inversion procedure has been made on the next subsection 
regarding the activities research made during the year of this activity.   
Parameter value 
Sampling frequency  ( sk ) 1.57 rad/m 
Sampling frequency  ( s ) 10.47 rad/sec 
Frequency step ( k ) 3.14E-3 rad/m 
Frequency step ( ) 0.04 rad/sec 
Bandwidth ( Bk ) 0.78 rad/m 
Bandwidth ( B ) 5.23 rad/sec 




Figure 6-4 Section of simulated radar spectrum in which the distorting effects, introduced by the modulation 
phenomena, are shown.  
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6.2 Description of the algorithm  
This subparagraph describes the complete procedure of reconstruction that allows to extract 




waves, significant wave height and, in certain conditions to estimate the space-time evolution of 
waves height. 
The block diagram of Figure 6-5 depicts briefly the main steps of the inversion procedure. The 
sequence of images of raw data is transformed by a 3D Fast Fourier Transform (3D-FFT) to obtain 
the function ,, yx kkF . To eliminate the effects due to received signal power decay along the 
range, a High-Pass (HP) filter is applied to the image spectrum ,, yx kkF . [1] The second step aims 
at extracting the linear gravity wave components from the HP filtered image spectrum ,, yxI kkF . 
To this end we exploit the dispersion relation that relates the wave number k to the angular 
frequency )(k  and the current of the ocean surface ),( yx UUU [2-3] as:  
Ukhkgkk )tanh()(
   
  (1)  
where g is the acceleration due to the gravity at the earth’s surface, 22 yx kkkk  and h  is the 
water depth.  




The current vector )~,~(~ yx UUU needs to be estimated before applying the dispersion relation [2]. 
This represents the key step of the full inversion procedure, since an inaccurate estimate of the 
current translates into an incorrect filtering of the wave components. This crucial point is the main 
topic of the activity and a novel strategy to face this task is presented in the following. 





,,,, on the basis of eq. (1) and apply it to the image spectrum ,, yxI kkF (see 
block diagram of figure 1). The result of this procedure is the function ,,~ yxI kkF . 
The research activity developed during the first year has been focused on a new 
methodology to estimate the sea surface current )~,~(~ yx UUU . The classic technique for 
estimation of surface currents [2-6] is based on a Least Squares (LS) fitting to globally minimize the 
following functional:  








  (2)  
Where jyix kk , are the frequencies associated with the model of equation (1) and jyix kk ,
~
are the frequencies selected from the data where the energy of the amplitude of the spectrum 
,,1 yx kkF is larger than a fixed threshold [7]. The main disadvantage of this method is due to 
the strong dependence of the procedure on the selection of the threshold. Moreover,  the use of only 
the support of the image spectrum does not allow to separate the useful signal from the noise. This 
fact is more important when the area is investigated by a a moving vessel, where the aliasing effect 
becomes more significant.  
To overcome this problems we developed [6-9] a different procedure whose reliability was tested 
through an analysis of simulated and experimental data, also acquired by a moving vessel.  
This method allows a more accurate and robust estimation of the surface currents, compared to that 
obtained with the classical technique and does not require the use of a threshold of the spectrum. 
This method is based on the maximization of the normalized scalar product (NSP) between the 









otherwise          0





  (3)  
where  is the frequency step used to sample the spectra.  
The NSP (as function of the unknown current components yx UU , ) is defined as:  





              (4)  
Where FP and GP are the power associated to the image spectrum 1F and to the characteristic 
function G , respectively.  




,,, can be built 
based on the equation (1) and applied to the spectrum ,,1 yx kkF . The result of this operation, 
shown in Figure 6-6, is the 3D spectrum ,,~1 yx kkF .  
 
Figure 6-6 Input e Output of  the Band-Pass Filter  
The next step [4] is to remove the spectral distortion, introduced by the radar modulation effects, in 




,, yxW kkF . This can be implemented using the Modulation Transfer Function (MTF), defined 










   
  (5)  
where kkM is the MTF. Experimental analysis has determined that in most cases a good 
estimation of  is 2.1 .  
Once the waves spectrum ,, yxW kkF  is determined, is possible to extract some basic parameters 
to define the state of the sea: significant wave height sH , period pT , wavelength p and direction 
of dominant  waves p . 
The last step of the algorithm of inversion is to determine the elevation of the sea surface tyx ,,
using an inverse Fourier transform. 
This operation will return in space-time domain and the result is the evolution of elevation of the 
gravity waves [5]. 
The reliability of the proposed estimation technique for the sea surface current was tested for 
various simulated data set, also the performances of the proposed technique were compared with the 
ones of the LS method. 
A fully 2D numerical wave-maker [10] has been exploited to reproduce the physical conditions 
existing in a real wave tank (see Figure 6-7). The spatial and time evolution of a free-surface 
SL wave train, generated through a hinged paddle c moving with angular velocity t , has 
been investigated by a inviscid model. In this framework the mathematical statement is described 
through the Laplace equation for the velocity potential function. Once the velocity potential is 
computed on the boundary domain, the nonlinear free-surface equations are stepped forward by a 




Figure 6-7 Sketch of the mathematical problem. The geometrical parameters h0=3.6m, h1=1.8, L=230m.  
To save computational time and memory for the simulation of long time wave evolution, a domain 
decomposition technique has been used [11]. Further details of the numerical model used as well as 
of the treatment of the free-surface can be found in [10].  
A JONSWAP sea spectrum with H1/3=0.094m  and T0=1.97 s has been reproduced in the 
numerical wave tank for the present case. A factor scale 20 has been used to reconstruct the wave 
elevations corresponding to the full scale sea state (H1/3=1.88 m and T0=8.8 s). Here, H1/3 represents 
the significant wave height, and T0 the modal period associated with the prescribed spectrum.  
An average wave spectrum was computed from three independent simulations of the wave field 
with the duration of 6 min; the data are sampled with a time-step of 0.34 sec and a spatial step of  
0.6m. In particular, we have  Nx=6306 spatial samples leading to an extent of 3750 m and Nt=1066 
time-samples leading to an overall acquisition time of 6 min. 
The averaged data have been decimated so that the samples actually used to perform the 
reconstruction are Nx= 630 e Nt=32 with steps of 5.9 m and  2.4 s; this leads to a spatial and time 
extent of 3717 m and 76.8 s (in model scale), respectively.  The effects of surface current were 
added for 17 different values of current ranging from 0 to -10 m/s. 
For each of the 17 datasets relative to the ocean surface current values, the corresponding radar data 
have been simulated using the procedure proposed in [1]. Starting from each radar image set, the 
ocean current has been evaluated via the NSP procedure.  
Figure 6-8 depicts the comparison between the performances of the NSP and LS methods.  As it can 
be seen, the LS method performances deteriorate as long as the value of the ocean current increases 




Figure 6-8 Comparison between the negative current values: true (solid line), reconstructed via LS method 
(green) and  reconstructed by NSP method (red line).  
The residual error of the estimation of the current by NSP is reported in Figure 6-9. We can 
appreciate the good performances of the NSP  procedure that is able to estimate the ocean surface 
current with a residual error having a standard deviation of 0.05 m/s. 
The better performances of the NSP based method compared to the LS one can be briefly 
justified. As said above, the LS method is based on two steps: the first one is the determination of 
the “measured locus of points”  where the spectrum is significant (by a threshold procedure); in the 
second step, the global minimum of the cost function in (2) is attained. Thus, since a threshold 
procedure is exploited, especially at lower levels of the measured spectrum,  the noise plays a 
relevant role and can be decisive in establishing if a point has to be considered or not in the retained 
locus of points. In addition, when such a point has been considered reliable, it plays in the 
minimization of eq. (2) the same role as the other ones associated to the more significant levels of 
the spectrum; it is evident that all the above factors can badly affect the current determination 
procedure.  




Differently, in the NSP based method, we have that the lower levels of the spectrum plays a 
weaker role compared to the significant ones in the determination of UV , see eq. (4), thus 
improving the reliability of the estimate.  
Figure 6-10 Comparison between the positive current values: true (solid line), reconstructed via LS method 
(green) and reconstructed by NSP method (red line). 
It is worth noting that the different performances between the two methods arise because of 
the aliasing influencing the data for larger values of the surface current. As a general comment, an 
accurate knowledge, not ever available, of the total advecting current (given as the sum of the ship 
velocity and the surface current) is needed to compensate the aliasing effects. Here, we show how 
the NSP method  allows accurately estimating the total advecting current also when we do not 
exploit any a priori information about the ship velocity. The situation is quite different for the LS 
method whose performances deteriorate as long as the total surface current increases . 
A further statement of the different performances of the two methods can be inferred by 
Figure 6-10 showing the comparison in the case of  positive values of the current. In this case, we 
have that the NSP performances are worse compared to the ones achieved when negative values of 
the current are considered (see for comparison Figure 6-8), but they remain remarkably better that 
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6.3 Preliminary results  
In this subparagraph some preliminary experimental results about the determination of the 




The raw data are recorded by a radar FURUNO FAR2117 installed on a  moving ship and consists 
of a sequence of 32 images, each one made up of 600x600 pixels; the azimuth and range 
resolution are equal to 4.6m so that the total area of each image is about 28km .  
The time sampling is 2.4 sec so that a complete time acquisition of  about  76.8 sec is achieved.  
The spatial and temporal radar parameters lead to spectral resolution parameters of 
rad/m 1027.2 3yx kk  and rad/s 1001.8 2 .  
Figure 6-11 Comparison between the estimated current component Uy  (black) along ship motion, and the ship 
velocities measured by GPS (red).  
In particular, we are concerned with the processing of a dataset recorded on November 22th, 2007 
in the area of the Mediterranean sea between Malta and Sicily islands. For such a dataset, the 
known ship speed shipV varies around a value of about 8 m/s; such a speed was measured by a 
GPS instrument properly installed on board.  
Since the radar measures the sea spectrum in a reference system fixed with the ship, the total sea 
surface current vector U in the dispersion relation (see eq (1) in 6.2) is given as scship UVU , 





Figure 6-12 Estimated current obtained after removal of the true ship velocities: A) intensity U;  B) 
direction with respect to North.  
Since shipV is measured through a GPS system, the proposed approach allows for a proper 
estimation of the surface current scU . By taking in mind this difference, in the following we will 
distinguish between the total current component U  and the surface current scU .  
The NSP procedure has been tested for such a dataset corresponding to 105 min of acquisition. 
Figure 6-11 shows the result of the comparison between the current component yU  along the ship 
motion (black line) and the GPS recording of the ship speed (red line). Figure 2 illustrates the 
intensity 22 shipyx VUU (panel A) and the direction with respect to North (panel B) of the 
estimated residual ocean current after the removal of the ship velocity.  
These results, obtained in an independent way by the GPS instruments and by the NSP 
algorithm, show a satisfactory agreement, even considering that measurements  have been 




Figure 6-13 Pictorial view of the positions of the ship (black lines) and of the current direction (red lines)  
A rough estimation of the surface currents scU in the surveyed area can be done using the 
approach proposed by Faltinsen [2]. Here several components were identified, of which mainly 
two are of interest in our geographical area: the component induced by the sea circulation ( mU ) 
and that one generated by the local wind ( wU ). The former, by using the simulated data at a depth 
of 5 m, freely available from the Italian Ministry for the Environment and Territory 
(http://gnoo.bo.ingv.it/mfs/ analysis_archive.htm), can be estimated in 0.4 m/s. The latter can be 
predicted by using the first approximation proposed in [2], i.e. wU (at sea level) = 0.02 10U , being 
10U the wind velocity measured 10 m above the sea level. A value of 10U varying between 25 
and 30 knots (with a mean direction of 135 deg from N, i.e. about 210 deg from the ship direction) 
was measured by the anemometer of the ship during the trials. A surface currents scU of 0.25-0.3 
m/s and 0.65-0.7 m/s can be then predicted for wU and wm UU , respectively, i.e. the latter 
very close to the prediction of the NSP model (see Figure 6-12). 
As pointed out also by Figure 6-13 depicting the trajectory of the ship (black arrow) and the 
direction of the current (red arrow), the direction is constant and coincides with the one provided 
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